Toxoplasma gondii
, an intracellular apicomplexan parasite, infects different species of mammals and birds (Dubey 1998) . Asexual reproduction of the parasite takes place in these animals, which serve as intermediate hosts (Black and Boothroyd 2000, lehman et al. 2000) . cats and other felids are the only hosts that directly spread T. gondii in the environment and are responsible for the enteroepithelial stage of the parasite (Dubey et al. 2004) . these animals are considered definitive hosts and the processes of schizogony, gametogony and sporogony take place in their intestinal epithelia, resulting in the formation of immature oocysts that are eliminated with their faeces (Dubey and Frenkel 1972 , 1973 , Dubey 1973 , Dubey et al. 1998 . the mechanisms by which the enteroepithelial cycle in felids is induced are still unknown.
the morphological characterization of the coccidian cycle of T. gondii in the gut of neonatal cats has been undertaken in in vivo systems (Dubey and Frenkel 1972 , Ferguson et al. 1974 , 1975 , speer and Dubey 2005 , Ferguson 2009 ), and several molecular aspects of this process have been explored (Ferguson 2004) . Due to the difficulty of using cat as an experimental model, these studies have not progressed very far, and alternative models will have to be introduced to facilitate further investigations. recently, our group has developed a protocol for obtaining feline enterocytes from primary cultures and their subsequent maintenance (Moura et al. 2009) . this system provides a potential alternative approach for the study of T. gondii-host cell interactions. our initial studies found intracellular parasites that were very similar to the schizonts of T. gondii that have been described in vivo. this first step opened up the possibility that the enteroepithelial development of T. gondii could also be explored in vitro.
Feline intestinal cell lines in cell banks are absent and there are only two felid epithelial cells lines: AK-D liver epithelium (cantin and Woods 1930) and renal feline kidney cells (crFK line) (crandell et al. 1973) . intestinal epithelial cells lines, such as the iEc-6 isolated from rats, are alternative cellular models for parasite life cycle studies, and they can be employed for comparisons with the feline epithelial crFK cells. the morphological aspects of the bradyzoite-host cell interactions and the use of epithelial cells from different sources may provide a basis for a better understanding of the intracellular development of T. gondii in these cells. We are pioneering the use of cat cells, specifically the crFK cell line, to study its interaction with bradyzoites of T. gondii. the introduction of this cell line has the potential to contribute new insights into our understanding of the cell biology of Toxoplasma. 
Spontaneous cystogenesis of

Epithelial cell lines
crFK from normal epithelial tissue from the renal cortex of Felis catus linnaeus, 1758 (domestic cat) (BcrJ Nº cr0268) and iEc-6 from normal epithelial tissue from the intestines of rats (BcrJ Nº AP003) were used. the cells were acquired from the rio de Janeiro cell Bank (http://www.bcrj.hucff.ufrj.br).
crFK and iEc-6 were plated at a concentration of 1.0 × 10 5 cells/ml in 25 cm 3 bottles (gibco Brl, Paisley, UK) in DMEM/Hams F12 medium (1 : 1) (sigma-Aldrich, st. louis, UsA) containing a 1% antibiotic solution (sigma-Aldrich) and 10% bovine fetal serum. the cells were incubated at 37 °c in a 5% co 2 atmosphere. Every two days, half of the medium was discarded and the same volume of fresh medium was added. the cells were cultivated until they reached approximately 80% confluence. At this point, the cells were treated for 10 min at 37 °c with dissociation solution (PBs with 0.01% EDtA and 0.25% trypsin). After dissociation, the cells were placed in culture medium at 4 °c with 10% bovine fetal serum to inhibit the action of trypsin, centrifuged for 7 min at 650 g at 4 °c and grown in 24-well plates on coverslips (8 × 10 4 cells/well).
Isolation of tissue cysts and bradyzoites
Toxoplasma gondii cysts from the ME-49 strain (type ii) were inoculated intraperitoneally into c57Bl/6 female mice (15-18 g) with 50 cysts/animal. After 4 and 12 weeks post-infection, the mice were sacrificed and the brain cysts were isolated as described previously (Freyre 1995 , Popiel et al. 1996 guimarães et al. 2007 , 2008 . Bradyzoites were obtained from the isolated tissue cysts (guimarães et al. 2008 ).
Interaction of T. gondii-epithelial cell lines
confluent crFK and iEc-6 cultures were infected with T. gondii bradyzoites. the assays were performed at ratios of 1 : 5, 1 : 10 or 1 : 20 (parasite-host cell) for periods ranging from 1 to 4 days to analyse the course of infection and also to evaluate the parasites' intracellular fate. After the interaction periods, the cells were washed in PBs and further processed for subsequent experiments. the ability of T. gondii bradyzoites to infect host cells in vitro was analysed after fixation in Bouin's solution and giemsa staining. the percentual of infection was quantified after 24-96 h using 400 cells per coverslip, in three independent experiments, each one performed in duplicate and analysed by two independent observers. the analysis was performed using an Axioplan 2 Zeiss microscope. the quantitative data were expressed as the mean ± standard error and the results were statistically analysed using the student-Newman-Keuls test. the differences were considered statistically significant when the p values were < 0.05.
Characterization of T. gondii stages by immunolabeling
crFK cells infected with T. gondii bradyzoites (1 : 10 parasite-host cell ratio) were used for this analysis. the differentiation of intracellular parasites was monitored using stage-specific antibodies and lectin. tachyzoites were identified by immunostaining with anti-sAg-1 antibodies and cysts of T. gondii were identified with lectin DBA conjugated to tritc (sigmaAldrich, l6533), which binds to N-acetyl-galactosamine groups (Zhang et al. 2001) . initially, the cultures were fixed with 4% PFA in PBs for 10 min at 4 °c on different days (1-4, 6, 10, 11 and 13), washed three times for 10 min in PBs and then, were incubated for 30 min in 50 mM ammonium chloride to block free aldehyde radicals.
After these steps, the cells were permeabilized for 20 min with a PBs solution containing 0.05% triton X-100 (roche, rio de Janeiro, Brazil) and 4% BsA (sigma-Aldrich) to block nonspecific binding.
For the indirect immunofluorescence assays, the host cells were incubated for 2 h at 37 °c with an anti-sAg-1 primary antibody diluted 1 : 200 in PBs/BsA. After this incubation, the cells were washed with PBs containing 4% BsA and incubated for 1 h at 37 °c with the secondary antibody at a dilution of 1 : 1 000 (anti-mouse igg conjugated with Fitc-F5262).
For direct fluorescence, the cells were incubated for 1 h at room temperature with DBA lectin-tritc (1 : 200 dilution) in PBs. Next, the cultures were washed 3 times for 10 min in PBs, incubated for 5 min in 0.1 µg/ml with 4',6-diamidino-2-phenylindole (DAPi, which intercalates in DNA, sigmaAldrich) and diluted 1:10 000 in PBs. After the PBs wash, the coverslips were mounted on slides with a solution of 2.5% DABco (1,4-diazabicyclo-[2,2,2]-octane-triethylenediamine, antifading, sigma-Aldrich) in PBs containing 50% glycerol, pH 7.2. controls were performed by omission of the primary antibody, and for DBA, a competitive reaction with the addition of 50 mM N-acetyl-galactosamine (galNAc) was carried out.
the samples were examined with a confocal laser-scanning microscope (clsM Axiovert 510, MEtA, Zeiss, germany) using a 543 Helium laser (lP560 filter), 488 Argon/Krypton laser (Ar/Kr) (filter lP515) and a 405 Diiod laser (lP 420 filter). the analysis of the cystogenesis establishment was carried out monitoring a total of 100 infected cells per coverslip of three independent experiments, in duplicate, at interaction times of 24 h to 13 days using a Zeiss microscope Axio imager A2. this methodology is based on labeling of infected cells with DBA, which has high affinity for cyst wall protein.
Ultrastructural analysis
For ultrastructural studies, crFK cell cultures infected with T. gondii bradyzoites (1 : 10 parasite-host cell ratio) were used. this parasite-host cell ratio increased the incidence of intracellular cysts in vitro as demonstrated by kinetic studies. Both the cells and supernatants obtained from 3 to 14 days of infection were washed 3 times for 10 min with PBs and fixed for 1 h at 4 °c in 2.5% glutaraldehyde diluted in a 0.1 M sodium cacodylate buffer containing 3.5% sucrose and 2.5 mM cacl 2 (pH 7.2). After fixation, the cells were washed in the same buffer and then post-fixed for 30 min at room temperature in 1% osmium tetroxide diluted in a 0.1 M cacodylate buffer.
For transmission electron microscopy (tEM) analysis, the cells were washed in the same buffer, scraped from the plastic dish at 4 °c and centrifuged for 5 min at 10 000 g. the cells were then dehydrated in graded acetone and embedded in an epoxy resin (PolyBed 812). thin sections were stained with uranyl acetate and lead citrate and then examined under a transmission electron microscope (Jeol JEM1011).
For scanning electron microscopy (sEM), the infected cell cultures were fixed for 30 min at room temperature with 2.5% glutaraldehyde in 0.1 M Na-cacodylate buffer (pH 7.2) and postfixed for 30 min at room temperature with a solution of 1% oso 4 containing 2.5 mM cacl 2 in the same buffer. the cells were dehydrated in an ascending acetone series and dried by the critical point method with co 2 (cPD 030, Balzers, liechtenstein, switzerland). the monolayer was gently scraped with scotch tape (Flood 1975) to expose the cytoplasmic face of the cells. the scraped portion of the cells, which remained adhered to the tape, was also observed. the samples were mounted on aluminum stubs, coated with a 20 nm layer of gold and examined in Jeol JsM6390lV and JsM 6490lV scanning electron microscopes (tokyo, Japan). the samples were analysed at the Electron Microscopy Platform of the instituto oswaldo cruz and centro Universitário Estadual da Zona oeste.
RESULTS
Infection of IEC-6 and CRFK cells with Toxoplasma gondii bradyzoites of the ME-49 strain
Quantitative analysis of the interaction between T. gondii bradyzoites (ME49) and iEc-6 cells using an infective load of 1 : 5 (parasite-cell) showed that the average number of infected iEc-6 cells remained almost constant until 72 h post-infection. After this period, there was a slight decline in the number of infected cells. in contrast, analysis of the crFK line showed an increase in the average number of infected cells, especially after 48 h of infection (table 1) .
Quantitative analysis of T. gondii bradyzoites in iEc-6 and crFK cultures using lower infective loads (parasitecell ratios of 1 : 10 and 1 : 20) also showed statistically significant (p ≤ 0.05) differences between the infections of host cells (table 1) . the kinetic study of iEc-6 cells during 48 h of infection showed several parasitophorous vacuoles per cell with only one parasite inside (Fig. 1A) . After 72 h of infection, several cells contained intracel- 
A B C D E F
lular cyst-like structures (Fig. 1B) , but the presence of rosettes among infected cells during the same period was more frequent (Fig. 1c) . After 96 h, several cells showed vacuoles containing only one parasite in a panel of only a few infected cells, as illustrated in Figure 1D . 
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At an even lower infective load (1 : 20 parasite-cell ratio), the average number of infected iEc-6 cells was lower than the average observed with crFK after 72 h (table 1) . the analysis of the crFK line, unlike the iEc-6 cells, showed a trend of increasing infection during the periods analysed, demonstrating that the differences in susceptibility between these cell lines were independent of the parasite-cell ratio used.
During the analysis of bradyzoite infectivity in crFK and iEc-6 cells, parasitic structures similar to T. gondii cysts were observed. the crFK cell line produced more cyst-like structures than the iEc-6 cell line, especially after 72 h of infection ( Fig. 2A) .
Cystogenesis in CRFK cultures
Assays for the detection of cysts in crFK and iEc-6 lines were performed by incubation with the lectin DBA-trict. crFK line demonstrated cystogenesis after 72 h of infection with bradyzoites at a ratio of 1 : 10 (Figs. 2B-F, 3A ). tachyzoites were identified using an anti-sAg-1 primary antibody. there was a high incidence of cells that had established the lytic cycle and of parasites that had undergone conversion from bradyzoite to tachyzoite (Fig. 3A) . the presence of cells containing cysts was spontaneous and was independent of chemical or physical maneuvers that induced cystogenesis. in Ultrastructural characterization of cystogenesis in CRFK cells crFK cultures were processed for sEM and scraped with scotch tape after 13 days of infection. these cells showed intravacuolar structures of various sizes, which contained parasites with overlapping features, such as cysts, indicating that T. gondii cystogenesis had spontaneously established itself (Fig. 4A) . these structures presented several characteristics similar to cysts, such as the membrane modification forming the cystic wall and the high electron density of the cystic matrix. intracystic parasites presented a large amount of amylopectin granules (Fig. 4B) .
After 14 days of infection, we were able to identify T. gondii cysts containing several parasites with a large quantity of amylopectin granules, characteristic of the bradyzoite forms, and a thick electron-dense cyst wall (Fig. 5 ).
DISCUSSION
this article presents two findings with respect to the Toxoplasma gondii-host cell interaction: the use of a feline cell lineage and of bradyzoite forms. the rationale for utilizing bradyzoites as the source of infection of crFK and iEc-6 lines is that the natural route of transmission of T. gondii occurs through the consumption of raw meat contaminated with cysts. studies using in vitro bradyzoite infections are not often used, likely because the isolation and purification involve a long process and require a reasonably large number of animals.
the difficulty in reproducing the in vivo morphological characterization of the enteric cycle of T. gondii in vitro requires continued euthanasia of cats (today prohibited; see Ferguson 2009 for review). New laws imposed to protect animals have led to the search for alternative models.
Most of the in vitro studies examining tachyzoitebradyzoite conversion in cell lines were developed because of the ease of cell growth and their long survival time in monolayers. However, the cell type where cystogenesis occurs in vivo has not been considered in (lindsay et al. 1991 (lindsay et al. , McHugh et al. 1993 . recently, our group employed skeletal muscle cells to target the establishment of cystogenesis in vivo, and our data strongly suggested that factors inherent in the cell type may be crucial for cyst formation (Ferreira da silva et al. 2008 (Ferreira da silva et al. , 2009a .
When bradyzoite forms were used as a source of infection for crFK and iEc-6, the crFK line was statistically more susceptible to infection by the bradyzoites than the iEc-6 line suggesting that this characteristic may be a function of the properties of an intestinal cell once these cells produce pro-inflammatory cytokines.
Dubey (2006) compared the infectivity of oocysts and bradyzoites in cats in vivo using different dosages of the parasite stages. the results showed that bradyzoites were more infective than oocysts regardless of the dose, demonstrating that infection was stage-dependent. that study also showed that bradyzoites were more pathogenic for cats than for mice, suggesting that both the infective stage and the intermediate host are determinants of the pathogenicity of T. gondii.
our results using bradyzoites as the source of infection have shown that feline cells are more susceptible to infection than rat cells, and they induce spontaneous cystogenesis in vitro after 72 hours of infection. these results suggest that the fate of intracellular parasites may be modulated by the infective stage such as bradyzoites, and also by the host cell, in this case feline cells.
in addition, the formation of these cystic structures in vitro was dependent not only on the parasite strain and cell type but also on the infection load used. Previous studies using primary cultures of feline enterocytes infected with bradyzoites of the ME49 strain in vitro revealed that these cells were more susceptible to infection than the crFK and iEc-6 cell lines, and enterocytes also showed a larger number of cystic forms when infected at a parasite-cell ratio of 1 : 10 (Moura et al. 2009 ). these data can be further explained by the molecular and physiological characteristics of the preserved tissue in vivo.
After 10 days of infection in crKF cells, T. gondii cysts were identified by lectin DBA staining, which binds specifically to the sugar N-acetyl-D-galactosamine present in the cyst wall, as previously demonstrated by Matsubayashi and Akao (1963) , Weiss and Kim (2000) and Dzierszinski et al. (2004) . in addition, Toxoplasma stage differentiation is largely viewed as a stress-related response to environmental conditions, such as exogenous stress factors, i.e. alkaline pH, iFN-γ and other proinflammatory cytokines, chemicals or drugs, heat shock and deprivation of nutrients (reviewed in Ferreira da silva et al. 2008) .
in contrast, some authors consider spontaneous cystogenesis to be dependent on the strain of T. gondii and propose that avirulent strains, such as ME49, possess the ability to form cysts naturally in mammalian cell cultures (Darde et al. 1989 , lindsay et al. 1991 , McHugh et al. 1993 , Fischer et al. 1997 , Ferreira da silva et al. 2009a . this question has not been fully clarified. in a recent paper, we reviewed data on T. gondii-skeletal muscle cell interactions and presented compelling data suggesting that the cell type is one of the factors determining the fate of the intracellular parasite (Ferreira da silva et al. 2008) .
Toxoplasma gondii cysts were also seen by transmission electron microscopy, and the presence of cysts was confirmed by the observation of parasites containing large numbers of amylopectin granules and a high electron-dense membrane surrounding the parasites. these structures were similar to those involved in the formation of a cyst wall, especially after 10 days of infection. However, different results can be found in the literature, ranging from 6-7 days (shimada et al. 1974 (shimada et al. , Hoff et al. 1977 , 20-21 days (Hogan et al. 1960) or up to 40-80 days as described by Jones et al. (1986) , depending on the method used to evaluate the kinetics of in vitro cystogenesis.
these differences may be related to the virulence of the strains and the infective stage of the parasite used in the experiments. the rate of conversion between the infective stages and the quantity of cysts generated in vitro have been related to the strain of T. gondii -McHugh et al. (1993 gondii -McHugh et al. ( ), soête et al. (1994 . the low virulence strains that are more efficient in cyst formation in mice, such as the ME-49 strain, have a higher rate of cyst formation in culture than the high virulence strains, such as rH (soête et al. 1994) . this has been confirmed using cells that represent a major niche for cystogenesis in vivo, such as muscle tissue (Ferreira da silva et al. 2009b) .
After 14 days of infection, cysts with a well-preserved ultrastructure indicative of cell viability were observed in the supernatant of infected cultures. these results are in accordance with Weiss et al. (1995) , who detected free floating cyst-like structures released into the medium of tissue cultures within 3 days of infection. thus, the crFK line represent a potential cellular model for large scale cyst and bradyzoite production in vitro, which would allow a reduction in the number of animals used and/or replacement of animals by in vitro cultures.
the results of the novel use of epithelial cell lines in this study showed that they may contribute to our better understanding of the cell biology of Toxoplasma. the crFK cell line has great potential as an alternative method to investigate the molecular aspects of T. gondii-feline cells interaction under controlled conditions. Altering the culture medium conditions by changing pH or using thermic shock may induce an increased rate of cystogenesis in these cultures. Because laboratory practices today require the adoption of the 3rs (reuse, refinement and reduction) with regards to animals in research (Balls 2007) , this approach could open a new field of research and gradually reduce the use of animals to obtain cysts and bradyzoites of T. gondii.
